, "Assessing the transferability of a hybrid Taguchi-objective function method to optimize image segmentation for detecting and counting cave roosting birds using terrestrial laser scanning data," J. Appl. Remote Sens. 10(3), 035023 (2016) Abstract. As far back as early 15th century during the reign of the Ming Dynasty (1368 to 1634 AD), Gomantong cave in Sabah (Malaysia) has been known as one of the largest roosting sites for wrinkle-lipped bats (Chaerephon plicata) and swiftlet birds (Aerodramus maximus and Aerodramus fuciphagus) in very large colonies. Until recently, no study has been done to quantify or estimate the colony sizes of these inhabitants in spite of the grave danger posed to this avifauna by human activities and potential habitat loss to postspeleogenetic processes. This paper evaluates the transferability of a hybrid optimization image analysis-based method developed to detect and count cave roosting birds. The method utilizes high-resolution terrestrial laser scanning intensity image. First, segmentation parameters were optimized by integrating objective function and the statistical Taguchi methods. Thereafter, the optimized parameters were used as input into the segmentation and classification processes using two images selected from Simud Hitam (lower cave) and Simud Putih (upper cave) of the Gomantong cave. The result shows that the method is capable of detecting birds (and bats) from the image for accurate population censusing. A total number of 9998 swiftlet birds were counted from the first image while 1132 comprising of both bats and birds were obtained from the second image. Furthermore, the transferability evaluation yielded overall accuracies of 0.93 and 0.94 (area under receiver operating characteristic curve) for the first and second image, respectively, with p value of <0.0001 at 95% confidence level. The findings indicate that the method is not only efficient for the detection and counting cave birds for which it was developed for but also useful for counting bats; thus, it can be adopted in any cave.
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Introduction
Swiftlet birds and bats constitute significant components of Malaysia's avifauna biodiversity that needs to be protected to sustain their vital roles in ecological and economic services. The Gomantong cave systems in Sabah (Malaysia) have been known as one of the largest roosting sites that host large colonies of swiftlet birds of the Collocalia family (Aerodramus maximus and Aerodramus fuciphagus) and the wrinkle-lipped bats (Chaerephon plicata). 1 The cave provides a naturally confined speleogenetic setting, which supports a stable microclimate that make them a particularly attractive habitat for these species in large number. A total number of 12 species of insectivorous bats estimated to be between 600,000-2 million are identified in the cave. 2, 3 Also, about 1.29 and 1.5 million population of black and white-nest swiftlet birds coexist along with the bats in their dark home. 4, 5 The bat colony contributes immensely to the ecology of Gomantong cave with tons of excrement deposited daily, which sustains the food web. 3, 6 Other than this life keeping function in the cave, the bat colony also provides steady income to the state through local and foreign tourists, 1, 2 who come in large numbers to watch the classic evening exodus not common to any species of birds. 7 In addition, bats are natural pest controllers and play significant roles in ecosystem engineering as pollinators, seed dispersal, and afforestation agents. 3, 6, 8 Similarly, the multimillion dollar edible birds' nest (EBN) industry has been providing steady income to the government and the local residents for centuries. 5, [9] [10] [11] The commercial value of these nests at the local market varies with type and quality. For example, the processed white nest, which is more valuably priced, is about USD5000/kg, 6 while the black nest of the same quantity is 20% of the worth of the white nest. 12 Highlighting the economic importance, Lim et al. 5 reported that the state of Sabah earned well over US$4.2 million through export of 8876 kg of EBN in 2009. At the national level, the Economic Transformation Program report of 2014 put the export of EBN products for the year 2014 at 145 tons while 200 tons were targeted for 2015. 13 Unfortunately, there are reports of drastic decline in the swiftlet and bat colonies in the cave, evidently linked to infant mortality rate resulting from unabated nest harvesting, bat hunting, and habitat loss. 3, 6, 14 However, to what extent these colonies decrease (or possibly increase) cannot yet be ascertained. Knowledge of the population size of these inhabitants had always relied on assumptions and not the outcome of rigorous population study.
Effective management decision for protecting this resourceful habitat to maximize its productive wildlife-based ecotourism and the EBN industry requires adequate knowledge of the colony size. 9 Extensive studies of the behavior, ecology, and reproductive characteristics of the swiftlet birds and bats in Gomantong cave have been carried out by different researchers. [1] [2] [3] [4] [5] [6] [7] [8] [10] [11] [12] [14] [15] [16] [17] But estimate of the colony size, which is essential for conservation planning and implementation, has never been systematically studied due to financial, logistical, and technological challenges. 1, 18 The deployment of high-resolution terrestrial laser scanning (TLS) had opened up new research outlook in this finite underground environment. 19 Several methods are available for population survey of wildlife in the terrestrial environment; however, the complexity of cave structure, environmental conditions, and poor visibility limits colony censusing, specifically for bat, to only four major approaches: (i) roost counts, 16, 20, 21 (ii) emergence counts, 7, [22] [23] [24] [25] (iii) disturbance count, 9, 26 and (iv) dispersal counts. [20] [21] [22] 24, 27 Direct roost counts record single individual bats while larger clusters are spatially sampled by multiplying roost area in the cave ceiling by parking density. However, the use of this method had been widely criticized for intrusiveness, rigor, and difficulty in implementation. 22, 24 In recent years, the use of photography aided with headlamp and/or flashlight has also been incorporated to expedite the process of counting and to improve the accuracy of the result. 21 Contrary to the direct roost count, the indirect method utilizes the traditional evening emergence counts at cave entrances, often aided by optical-mechanical devices such infrared camera, radar systems, and acoustic bat detectors, to record the number of bats exiting the cave; unfortunately, this technique is possible only in the daylight time or at the crepuscular period. 7, 20 Following the increasing use of high-resolution TLS in caves, a contemporary research frontier to estimate bat colony size with this cutting-edge technology was initiated by Azmy et al. 20 and McFarlane et al. 16 In Gua Kelawar cave, Langkawi, Azmy et al. 20 used a detection algorithm to count bats from laser return intensity image. A total number of 1520 individual roosting bats were counted through scanning of the entire cave; however, this paper lacks description of the technique employed, which makes it impossible to be repeated or validated. Also, in Gomantong caves, the first ever attempt to quantitatively estimate bat population and to differentiate swiftlet birds from bats was carried out by McFarlane and his coresearchers. 7, 16 In the first work, the researchers employed emergence count with thermal infrared imaging using three-dimensional (3-D) geometry derived from TLS to accurately determine camera-to-bats position in the field.
The result produced an estimated colony size of between 275,625 and 276,939 bats at 95% confidence level in the lower cave. Although the thermal infrared imaging system has been proven more reliable for colony size estimation than optical-mechanical devices, [22] [23] [24] [25] 28 the accuracy is dependent on the number of bats that exit to forage. The other work of McFarlane et al. 16 attempts to differentiate between bats and swiftlet birds using a combination of 3-D information and laser intensity using a relatively small ceiling area as test. The method was successful but requires collecting data at full-resolution scan, which is practically time-consuming and expensive. In addition, data processing is computationally intensive. This makes the use of their approach for population counting not economical.
Based on the premise that not all bats leave the cave to forage, it is believed that the best solution is to capture the bats while in roost for complete population count. Also, for swiftlet birds, which are not nocturnal mammals such as bats and do not exhibit emergence behavioral traits, counting can only be achieved in situ through imaging their nests. This paper focuses on methodological development utilizing image processing technique to detect and count cave roosting bird nests and also assesses the transferability of the method. The method is reliable because it provides efficient data processing technique that is easy to implement, allows colony size to be completely surveyed, and can be scientifically validated.
Materials and Methods

Study Area
Gomantong cave is situated in one of the tower-like limestone outcrops in Sabah, North of Boneo Island. The 228-m limestone hill ( Fig. 1 ) sits within 3000 hectares Sabah Forest Reserve (118°0 4'E, 5°32'N), some 34 km south of Sandakan and about 26 km east of the state capital, Kota Kinabatangan. 7, 15 To the south of the hill is the lower Kinabatangan River that flows east-north direction into the Sulu Sea. The hill houses two complex network of cave systems, one above the other, formed along near-vertical joints of the folded rock.
1,29 The entrance to the lower level cave, locally called "Simud Hitam," coincides with the base of the hill, which makes it more accessible. On the other hand, the entrance to the upper cave, "Simud Putih," is about 85 m above the floor of the entrance to Simud Hitam. 1, 30 The cave was completely scanned in July 2014 using FARO Focus3D instrument at ¼ resolution (≈244;000 points∕s) to generate point cloud spacing of 6 mm and intensity image. 7, 15 Scan registration and other preprocessing tasks were done in FAROScene v.5.5.0 software package downloaded from Ref. 31. After the preprocessing operation, two intensity images in planar view, one from the lower cave and the other from the upper cave, were exported as tag image file format (tiff) for image analysis. In addition, the point clouds of the two scans were exported as ascii file. 
Object-Based Image Analysis
Long before the development of object-based image analysis (OBIA), extracting useful information from air-or spaceborne images has been traditionally achieved using pixel-based classification methods that utilizes the spectral information in each pixel. 32 Compared to the pixel-based methods, OBIA considers spectral information from a set of similar pixels believed to belong to the same object. The basic element of OBIA is segmentation, which partitions an image into unclassified segments or image objects based on a measure of spectral properties that include color, size, texture, shape, and contextual information. 33 Specifically, the quality of segmentations and the resulting object primitives are based on color, shape, size, and pixel neighborhood influenced by parameters set by the user. As a rule, a user needs to define the scale and color/shape parameters. The value assigned for the scale parameter determines the size of the image object where large scale value allows high variability within each object and ultimately resulting in relatively large segments being created. [33] [34] [35] On the contrary, small scale value permits less variability and, therefore, creates smaller segments. Like the scale criteria, color and shape parameters also affect how segments are created. Higher value for the color/shape criteria optimizes spectral and spatial homogeneity. Within the shape criterion, the degree of smoothness of object border and compactness of the segments are two important parameters that must be defined along with scale parameter.
Selection of segmentation parameters is usually achieved using trial-and-error until Espindola et al. 36 proposed the objective function, a spatial optimization technique to obtain optimum quality by varying segmentation parameters, particularly the scale. The strength of Espindola's method is the ability to improve segmentation on the basis of within segment homogeneity and intersegment separability through combination of spatial autocorrelation and variance of the image pixels to generate high-quality segments. 34, 36 Spatial autocorrelation measures the level of distinctiveness between segments (heterogeneity), whereas the variance component points to the degree of uniqueness of the pixels within individual segments (homogeneity). Consequently, the quality of segmentation is good when the intra-and intersegment homogeneity and heterogeneity conditions are strictly maximized; this is usually inferred from the plateau objective function (POF) values. High POF value is a mark of the strength of performance of the defined parameters. Most works that used this segmentation quality evaluation 34, 37, 38 have arbitrarily varied the scale parameter alone while the other factors (color and shape) are kept constant. This is a drawback for objective function quality assessment because color/shape parameters control spatial and spectral homogeneity. For this reason, all the parameters need to be optimized collectively. In this study, the statistical Taguchi (optimization) method was incorporated into the objective function process to produce a single set of robust optimized parameters.
Taguchi methods have been widely used in the manufacturing industry to reduce variation in factors that weaken consistency in product or process through design of experiments (DOEs) to improve the quality of manufactured goods. 39, 40 During DOE, Taguchi uses orthogonal array to combine independent factor variables such that each combination of levels occurs at equal frequency. 41, 42 Orthogonal array balances the effects of all the factors to generate output parameters that represent the effects of a level compared with other levels of the same factor. The advantage of Taguchi's orthogonal array DOE is that it considerably minimizes the number of experiments by employing fractional factorial design. 40 
Hybrid Optimization Process
Segment quality in eCognition is controlled by correct selection of the scale, shape, and compactness parameters. Therefore, instead of randomly changing scale parameters as done in previous works 34, 36 and using POF as index for quality assessment, Taguchi methods were used to (1) design experiment to compute POF and (2) automatically generate optimum parameters through estimation of signal-to-noise (S/N) ratio of the combination of orthogonal array and POF. The process was implemented as follow:
a. Evaluate process objectives to understand variables that control the desired result. b. Determine the parameters and the range of values that directly influence the quality of the process. c. Based on the number of parameters and variable level, design experiment to determine number runs. Five variable levels were determined for each parameter (Table 1) for the DOE. To avoid over/undersegmentation with respect to the object size in the image, some preliminary tests were done to guide the range of values for each parameter.
The Taguchi's orthogonal array was used to design 25 levels (L25) number of experiments from three parameters and five defined variable levels ( Table 2) . Normally with standard factorial, this combination will yield 125 number of experiment (i.e., 5
3 ). Reduction of the number of experiments is one major advantage of the orthogonal array. 38, 42 Based on the level combination in the orthogonal arrays, the objective function was executed to compute POF for each of the 25 experiments using the expression in Eqs. (1)- (5). 36 The objective function (F) is a mathematical function that measures the within segment variance (v) and the between segment autocorrelation index, Moran's I (I) of the image pixels as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 1 1 6 ; 3 8 8 Fðv; IÞ ¼ FðvÞ þ FðIÞ;
where FðvÞ and FðIÞ are normalization functions as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 1 1 6 ; 3 4 5
For the first element of objective function, the mean variance of the segments was computed using the laser intensity values of the pixels in the sampled region using the below equation: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 1 1 6 ; 2 7 6
where a i and v i are the area and intrasegment variance of the respective segment i. And the second component, Moran's I index is expressed as 
where z i is the deviation of the brightness value of the object i from its mean ðx i −XÞ, w i;j is the spatial weight between objects i and j, which is 1 for adjacent regions or 0 otherwise, n is the total number of objects, and S 0 is the aggregate of all spatial weights E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 1 1 6 ; 1 4 0 10, 0.05, and 0.05 for scale, shape, and compactness, respectively. Taguchi's S/N ratio was analyzed to model optimum segmentation parameters using the combined orthogonal array and POF in Table 2 . Taguchi's S/N ratios provide a measure of optimization through constraints and with variables that need to be minimized or maximized. S/N ratio determines optimum parameters by manipulating variable factor levels and estimating their effects on the response mean and variance of the process performance characteristics as log functions of desired output. 39, 41 S/N ratio for each experiment conducted is computed using the mean value y i and variance s i as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 1 1 6 ; 6 4 0
where E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 1 1 6 ; 5 8 4ȳ i ¼
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 8 ; 1 1 6 ; 5 3 8
In Eqs. (7) and (8), i is the experiment number, u is the trial number, and N i is the number of trials for experiment i. Our objective is to maximize the performance characteristic so, "higher is better" option was used for the calculation of S/N ratio based on the following equation:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 9 ; 1 1 6 ; 4 5 7
The result of Taguchi's S/N ratio is a measure of average S/N value for each factor and level presented as table and graph. Unlike the POF index, S/N ratio simulates new parameter combinations that is completely different from the one generated using the orthogonal array.
Extracting Bird Candidate Image Objects
The process leading to detection and, subsequently, counting started with segmentation of the images using the optimized parameters. Segmentation creates image objects of different shape and scale (multiresolution) by grouping pixels that share similar spectral and spatial neighborhood characteristics into image objects or segments. 32 Identical pixels are grouped within each segment based on the assumption that an image pixel most likely belongs to the same object as its neighboring pixels. 38 So, the algorithm uses region growing techniques that first identify candidate pixels as a basic unit for the initial segments, and iteratively, the pixels are augmented with neighboring pixels that satisfy the homogeneity constraint of the parameter settings. 43, 44 Individual birds were effectively detected as separate objects contained within a single segment [ Figs. 2(c) and 2(d) ]. While the generated segments adequately defined the bird candidate, it resulted in oversegmentation of the cave wall. This anomaly was corrected using the spectral segmentation algorithm that allows merging meaningless contiguous pieces of segments within the defined spectral threshold into one single object [Figs. 2(e) and 2(f)]. Care must be taken in applying spectral threshold, especially for bats that have different reflectance within their body structure. If the spectral threshold value is too large, it may eliminate some bird candidate image objects.
The resultant image object is unclassified, therefore, it was classified into two classes, bird and cave wall, using knowledge-based expert system. Expert system groups segments into different object classes by assigning threshold values determined by the analyst to the object features. The advantage of using feature membership function is that the results are more objective and can easily be modified. 45 In this work, segment size and color threshold values were used during the classification process. The two classes are easily distinguishable because birds and bats stand out characteristically darker than the background rock (cave wall), which mostly appears bright [ Figs. 2(a) and 2(b) ]. Again, the geometric feature (i.e., size) is quite small for birds compared to cave wall segments. The resulting classified image object was exported to ArcGIS for further analysis. Before extracting the bird class for the purpose of counting, the classification accuracies were evaluated using the independent training samples from the image (explained in Sec. 2.5). Within the bird class, nonbird polygons, like giant centipedes (and other insects) and dark crevices on the cave wall detected as birds were filtered out. This was done by manually editing the objects as well as using area pixel threshold. Finally, the cleaned bird polygons were converted to point feature for counting.
Transferability of the Method
To examine the transferability of this proposed hybrid optimization approach, the method was tested with image extracted from another cave, Simud Putih. Note that only swiftlet birds roost in the area where the first image was taken. However, for the test area where the second image was extracted, both swiftlet birds and wrinkle-lipped bats roost close to each other. To compare the results, first the classification accuracy of the image from Simud Hitam was evaluated to test the effectiveness of the technique to detect birds. This was followed by examining the transferability through the assessment of the accuracy of the classified image from Simud Putih. The evaluation technique employed supervised learning method, where 100 independent sample points were randomly collected for each class in the images to calculate the precision of the probabilistic observations. According to Metz, 46 a meaningful qualitative conclusion can be reached with a total of 100 sample datasets. Subsequently, attributes of the independent sampled test points were spatially joined with that of the diagnostic data (object classes layer) to statistically assess the sensitivity of the method to correctly detect the respective classes through the analysis of a binary classifier, receiver operating characteristic (ROC) curve. 47 ROC is an excellent tool that has been popularly used in machine learning and data mining research for diagnostic performance evaluation. Since the two classes are not symmetric, rather than overall accuracy, the relative proportion of the different types of errors is of interest. More information on the basics of ROC analysis can be found in Refs. 47-49.
Result Analysis
First, fusion of spatial (objective function) and statistical (Taguchi methods) optimization techniques was used to improve the quality of detection of cave roosting birds/bats. The first stage of the optimization produced the POF (Fig. 3) , which itself is an input into the second phase. It can be seen from the figure that experiment 19 produced the peak POF (1.46) from parameter combination 4:4:2, but since the result is a product of an experiment that has no valid statistical prove of superiority, it is not logical to assume that it represents the best quality.
So, rather than using the POF index as the only basis for assessing the quality of the process, and the second phase combined the control factors (orthogonal array) and response variables (POF) as a single data to simulate optimal parameters. Analysis of the Taguchi's S/N ratio generates graph of the behavior of the control factors (Fig. 4) along with the numerical statistical values ( Table 3 ). The result predicts optimal variable levels 1, 4, and 5 for scale, shape, and compactness, respectively. The values in bold face in Table 3 are the highest S/N ratio, i.e., the parameter level combination that minimizes variation in the output segmentation to detect bird. In addition, the analysis also scores the output predicted parameters based on their contribution to the overall quality. Rank is determined from the delta values (the difference between the maximum and minimum average S/N ratios for the factor). Shape ranks number 1 followed by the scale, which is 2, while compactness ranks 3. Contrary to the belief that scale is the primary determinant of segment size and quality, this study reveals that all the parameters, not just the scale, collectively determine the quality of segmentation. Second, the optimized parameters were fed into the segmentation process as the foundation for image analysis. Segmentation paved a way for detecting bird candidate image objects through a knowledge-based expert system classification procedure and, subsequently, true bird image features were extracted for counting. To assess the transferability of our method, not only images from two different caves were used, we selected an image of the location where both bats and swiftlets birds roost are present in the second cave. A total of 9998 swiftlet birds were detected in the single image selected from the lower cave measuring 4513-m 2 area and 61;424.6-m 3 passage volume. In the image from the upper cave, a total of 1132 animals, comprising of 1001 bats and 131 swiftlets, was counted within the cave ceiling area of 4258 m 2 and interior volume of 55;354 m 3 . Figure 5 is a section from the two images with the points representing the detected birds/bats plotted on the corresponding objects in background laser intensity image.
Third, evaluation of transferability of the method using ROCs produced a good result. The area under the ROC curve yielded overall accuracies of 93% and 94% and sensitivity/specificity measures of 87/98% and 88/100% for the lower and upper caves, respectively ( Fig. 6 and Table 4 ). In ROC analysis, the closer the ROC curve is to the upper-left corner the better the overall accuracy. 47, 49 In Fig. 4 , it can be observed that the ROC curves reached the upper-left corner of the plot and have the area under the ROC curve values close to 1 (0.93 and 0.94). Furthermore, the sensitivity and specificity obtained indicate the average value of sensitivity for all possible values of specificity and the average value of specificity for all possible values of sensitivity. 50 ROC provides visual and statistics information of the strength of the method to discriminate between the two classes with respect to the sensitivity and specificity. Sensitivity/ specificity accuracy produced 87%, 98% and 88%, 100% for the lower and upper caves, respectively. The interpretation of this is that the method has high probability to detect bird (true positive or sensitivity) and nonbird objects (true negative or specificity). 47 The result shows that the method has slightly higher probability to detect rock (cave wall) than detecting birds. This is directly linked to the relative difference in abundance of the two classes in terms of the percentage of the area covered. 
Discussion
Bats distinguish themselves from avian families in two ways; one, they are a nocturnal mammal with naturally defined time of movement and, two, they fly in cluster. This has made the use of emergence count popular as the most reliable means of estimating colony sizes. A number of state-of-the-art tools have been deployed to assist with emergence count but low counting precision has been identified as a major disadvantage of the method. 7, 25, 28 Yet, emergence counts have been successfully used for cave roosting bats. At the moment, there is no existing method for estimating population size of cave roosting birds, such as swiftlet. Unlike bats, swiftlet birds forage in the day time and have no identifiable pattern of movement. Therefore, we developed a hybrid optimization image processing approach to detect and count cave roosting birds through the imaged nests. The method employs image analysis technique by utilizing high-resolution laser intensity image. The ability to image roosting bats and birds, right in their enclave with TLS, guarantees complete population censusing with better accuracy. 16, 20 Qualitative detection is critical for extraction of birds (and bats) from high-resolution images. This is why a more robust optimization process was adopted by fusing objective function and Taguchi methods. Conventionally, POF is usually the standard measure of selecting best parameters, 34 where high POF value expresses high quality. Evidently, the spatial dimension of the objects (bird and bat) makes objective function inefficient in this case. Therefore, the Taguchi S/N ratio systematically analyzed the set of criteria (input variables) to maximize the real factor levels 1, 4, and 5 corresponding to 10, 0.7, and 0.9 (see Table 1 ) for scale, shape, and compactness to parameters, respectively. The robustness of this hybrid approach is that it generates entirely new variable combinations outside the orthogonal array by considering simultaneously the mean and variance of the POF and the interactions of all levels in each row and column. Also, the statistical ranking that put shape on top is supported in Fig. 3 where experiment 19 has shape level 4 included in the combination. Swiftlet nests completely absorb incoming laser light; making them appear darker in the image than the background cave rock. This provides discerning strength of the optimized process to group pixels of each bird exclusively within a unit of segment. As illustrated in Fig. 2 , the optimized segmentation parameters efficiently allow grouping bird candidate pixels within a separate segment. Where the image has low contrast, birds close to one another are grouped with a single segment, especially for the swiftlets. In a similar condition, bats can easily be detected because of varying intensity characterized by their body morphology (i.e., feather) that absorbs laser light differently. 16, 20 Generally, the central part of wrinkle-lipped bats appears bright and dark at the outer edges, so that it makes them detectable even in low-contrast images. Our method is computationally efficient and can be used to achieve a better estimation of the population of roosting cave birds. The only limitation is that it cannot differentiate between different species. Great caution is required by the image analyst when applying spectral segmentation to avoid oversmoothing that may cause some bird candidate image objects being merged with cave wall objects.
Contrary to the work of Ref. 20 , this method used here provides a well-described workflow that can be replicated and empirically validated. The accuracy assessment highlights the capability of differentiating between bird and nonbird image objects as reflected in the area under the ROC curve of 0.93 and 0.94 obtained with p < 0.0001 at 95% significant levels. Closeness of the area under the ROC curves to 1 (different from the null hypothesis area ¼ 0.5) is evidence that the hybrid optimization approach has the ability to distinguish between bird and cave wall leading to accurate extraction and counting. Similarity in the accuracy assessment measures for both caves confirms that our method can effectively be applied in different cave settings.
Conclusion
Long before the advent of TLS technology, understanding cave systems in their form was a difficult task. This has stalled research development particularly for the ecologists in support of cave wildlife inventory and mapping for conservation studies. The 3-D point clouds and laser return intensity image collected from high-resolution scanning are increasingly becoming potential tools for understanding cave morphology and its inhabitants. This study demonstrates the potential of intensity image to support bird population censusing through an optimization method developed on the basis of remote sensing image analysis technique. This pilot study shows the effectiveness of our method to count roosting birds (and bats) right in their dark home. The advantages of this hybrid optimization scheme is that (i) it provides equally balanced representation of all levels to eliminate bias and (ii) simulates entirely new parameter level combination rather than relying on POF index that allows accurate detect object as small as birds and bats from high-resolution scanning. The disadvantage of this method is that it cannot differentiate between bird and bats in the detected image object. However, this work opens a frontier of enquiry for the research community, particularly remote sensing professionals, beyond the traditional space and airborne-based image analysis on the surface.
